In this study, the effect of SCM in the cement paste was isolated by using ternary systems combining Portland cement, quartz and SCM. The results show clear differences in how the hydrates from the reaction of clinker, slag and fly ash fill space. The reaction of slag is more efficient than that of fly ash in modifying the porosity. Our results indicate that Portland cement (PC), slag and fly ash reactions are limited at later ages by the lack of water-filled capillary pores. The higher the space available, with increasing the water/solids ratio, the later the reaction is limited. This explains the lower degree of reaction of SCM in blended systems at high replacement levels.
Introduction
The mechanical and physical behavior of a material strongly depends on its microstructure. Blended cement systems are widely used today owing to their good performance compared to plain Portland cement and lower environmental impact. However the mechanisms of the microstructure development and thus the achievement of properties are not well understood. The main problem is to isolate the contribution of the SCM to the microstructural development of blended systems as the reaction of the SCM occurs simultaneously with the hydration of the clinker component.
SCMs are widely reported to change the phase assemblage and the composition of C-S-H in blended cements [1, 2] . The major changes are related to the C-S-H composition which tends to have lower Ca/Si and higher Al/Si ratios than in PC paste [3] . These modifications in the C-S-H composition have been associated with a change in morphology of C-S-H. At high replacement of slag or fly ash, the morphology of C-S-H was changed from fibrillar to foil-like morphology [4, 5] . It is not clear how such changes in morphology or, more importantly, how the distribution of hydrates from the reaction of SCM changes the overall porosity. Earlier studies used MIP with severe drying conditions [6] [7] [8] that induced major changes in the pore structure.
Few techniques give information on the pore structure development. One of the most commonly used techniques to characterize the pore structure of cementitious materials is mercury intrusion porosimetry. This technique is based on the intrusion of a non-wetting fluid (mercury) into the pore structure under increasing pressure. The Washburn equation is used to relate the pressure to pore "size". The interpretation of the MIP curves has been fervently discussed due to limitations of the technique and assumptions required [9, 10] . The most important of these is that MIP actually measures the pore entry sizes rather than real pore sizes. This effect is more significant than might be expected, as often a high volume of pores only becomes accessible below a certain pore entry diameter, even though much of this porosity would have a higher pore "size" according to other interpretations. This effect is often called "ink-bottle effect", but this terminology can be misleading as it gives an image of only dead end pores rather than large interconnected volumes accessible at a given entry size. However, from some perspectives, this phenomenon may be an advantage as it gives an indication of the entry size of the connected porosity.
Another controversial issue is the effect of drying. In the past many studies used samples oven dried at 105°C. Oven drying causes a lot of damage and leads to high pore entry sizes. Solvent exchange followed by vacuum drying seems to be the best method to stop the hydration [9, [11] [12] [13] although isopropanol might affect the very small gel porosity of the C-S-H [14] . Comparison with past results shows the critical or threshold pore entry sizes to be more than one order of magnitude larger for oven dried samples than for samples dried by solvent exchange. Despite these limitations, MIP is one of the most repeatable quantitative techniques for characterizing the pore structure of cementitious materials [15] .
Recently, the use of 1 H nuclear magnetic resonance (NMR) has led to new insights on the pore structure of cement paste [16] . The major advantage of this technique is that no prior drying is required [17] ; indeed the water is itself the probe. This technique has identified three distinct "pore" populations in cement pastes-interlayer water between the layers of the C-S-H (which may not really be regarded as porosity), gel pores in the C-S-H, and capillary pores. The capillary pore volume Cement and Concrete Research 73 (2015) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] decreases rapidly during the first few days of hydration. However, while the volume of capillary pores continues to decrease, their size seems to plateau at a value of around 8-10 nm after a few days. At the same time the amount of gel porosity stops increasing, implying formation of a more compact product by an increase in the bulk "density" of the C-S-H gel.
In general blended cement systems have a higher total porosity at early age compared to plain Portland cement (PC) caused by the lower clinker content and the slow reaction of the SCMs [6, 15] . At later ages the effect of slag and fly ash on the total porosity is not clear from the literature. Generally, studies report similar or smaller pore entry sizes for blended cements [6, 8, 15, 18] , but the vast majority of studies used severe drying methods. Nevertheless, earlier studies indicate that there is an optimal replacement of SCM above which the refinement and the reduction of the pore volume are not occurring [19] which, as a consequence, decreases the mechanical properties of the paste [20, 21] . It has also been reported that the degree of reaction of fly ash [19, 22, 23] or slag [5] may decrease when they are present at higher replacement levels. This paper reports on the development of the pore structure in slag-PC and fly ash-PC systems and on the filling ability of the hydrates from SCM reaction. For the first time we isolate the effect of SCM in the cement paste by using ternary systems combining PC, quartz, and SCM. Our results show how the major SCM (slag and fly ash) and clinker components influence each other and lead to different filling ability. This study brings new insights on the reactivity of SCM and on the development of microstructure of blended systems.
Materials and methods

Materials
Blended systems with SCM-quartz-cement
Portland cement (CEM I 52.5R) was mixed with quartz and SCM (slag or fly ash). The chemical compositions by XRF are given in Table 1 and the phase compositions are shown in Table 2 . All the powders have close particle size distributions to provide similar filler effects [24] (Fig. 1) . At later ages the slightly coarser fineness of fly ash does not affect the results as the systems were designed to have similar volume of solids based on the density of the materials used (Table 3) .
To investigate the effect of slag and fly ash and their interaction with cement, we use five systems with 40% replacement varying the proportion of the SCM and the quartz. This method isolates the effect of the SCM reaction as quartz used was inert. All the systems were formulated to have a solid to liquid volume ratio the same as in a pure Portland cement paste at a water/cement ratio (by weight) of 0.4. Thus all the systems have the same volume to fill. The volume of the Portland cement was equivalent to 60% by weight of cement in a mixture of plain Portland cement with a water/cement = 0.4 (by weight). The remaining 40% Portland cement volume was replaced by an equivalent volume of SCM or quartz such as 30% Fly ash + 10% Quartz, 20% Fly ash +20% Quartz, 10% Fly ash + 30% Quartz and 40% Quartz as a reference. The relative amounts of SCM or quartz are expressed as the equivalent volume of Portland cement replaced. To further explore the effect of the space, pastes with 40% slag and 40% Fly ash were also used with different water/solids ratios from 0.4 to 0.6 (i.e. solids means PC + Quartz + SCM). Full details of the all mixtures are given in Table 4 .
Methods
Preparation of pastes
Prior to hydration, the anhydrous cement was mixed with the mineral substitution (i.e. quartz, slag, fly ash) in a Turbula blender (Willy A. Bachofen AG, Switzerland) to obtain a homogeneous blend. The turbula blended turns in the three dimensional motions (rotation, translation, inversion) the anhydrous solids in a removable container for 30 min. This time is sufficient to ensure homogeneity as verified by repeat measurements. About 80 g of this anhydrous blend were removed to be mixed with deionized water (except when mentioned) at the water/ solids ratio 0.4 (weight ratio for plain Portland with equivalent volumetric replacement by SCM as described previously). The pastes were mixed at 1600 rpm for 2 min. The temperature after the mixing procedure was slight increase (20°C to 22°C). This rise does not have significant effect on the kinetics at later ages [25] . Furthermore for comparison purpose, all the systems were mixed in similar conditions. The pastes were cured underwater at 20°C. After 4 days the curing temperature for the fly ash-quartz-cement pastes was increased to 30°C to enhance the reaction. It is known that hydration at higher temperatures can change the characteristics of the C-S-H [26] but this impact is most pronounced at early ages. After 4 days the impact of the increase in temperature is not expected to have a major effect on the C-S-H from the clinker hydration as the degree of hydration of the clinker is typically N60% (Fig. 4 ).
Kinetics of hydration by isothermal calorimetry
The hydration was followed by calorimetry (TAM Air, TA Instruments). Ten grams of paste were placed in the calorimeter. The instrument was maintained in a temperature controlled room (20°C) to ensure the stability of the baseline. The heat flow was recorded up to 28 days. Calorimetry measures heat flow which becomes very low after a few days (with increased relative measurement error). This means that the cumulative heat evolved which is proportional to the degree of hydration is not reliable beyond about 28 days. Nevertheless it has been verified that under the operational conditions used (stable room temperature, calibrated baseline, heat capacity equivalent reference) the cumulative heat can be calculated with reasonable accuracy up to 28 days [27] .
X-ray diffraction
The samples were cast in plastic bottles and kept at room temperature. One slice of the hardened paste cylinder was cut at the required hydration time and immediately inserted in the XRD holder (i.e. measurements on fresh paste). Standard XRD measurements were carried out with a Panalytical X'Pert Pro MPD diffractometer in a θ-θ configuration using CuKα source with a fixed divergence slit size of 0.5°. The X-ray tube was operated at 45 kV and 40 mA. The slice was scanned on a rotating stage between 4 and 65 [°2θ] using an X'Celerator detector with a step size of 0.0167°2θ and a time per step of 30s. The measurement lasts about 20 min and still the slice was near saturated after the test.
Phase identification and Rietveld quantitative phase analysis were carried out using the X'Pert High Score Plus software by PANalytical. The external standard method was used as main method to quantify the phase content. The degree of hydration of the cement was calculated as follows
where W anhydrous (t) is the weight fraction of the anhydrous clinker phases calculated with correction of the dilution effect such as
and W anhydrous (t = 0) is the initial weight fraction of the anhydrous clinker phases.
Mercury intrusion porosimetry
A mercury intrusion porosimeter from Thermoscience (Pascal 140/ 440) was used. Fresh paste was cast into capsules (35 mm diameter, 50 mm height) cured under water and stored at 20°C. At the required time of hydration, a slice (2 mm thick) of the hardened paste was cut. Then hydration was stopped by isopropanol exchange to preserve the microstructure [9] . The slice was dried with a continuous pumping under vacuum for 1 day to remove all the isopropanol and then kept under vacuum for 1 week. The dried samples were placed in the sample container and the air was removed. The pressure was increased up to 400 MPa which allows intrusion of pore entries down to nominally 2 nm radius (assuming a contact angle of 140°). Fig. 2 shows typical results from the MIP analysis. Two repetitions from the same sample are shown which illustrates the excellent repeatability of the method. Two depictions of the results are used in this study: the cumulative pore volume curve and the pore entry size distribution. The first one is deduced from the intruded volume of mercury and gives the total connected pore volume in the entire specimen. This value can be read from the cumulative porosity for the smallest pore (i.e. the highest pressure).
The differential distribution curve is calculated from the cumulative pore volume curve. This plot has the advantage of clearly showing the "critical" radius of the sample which is the inflexion point in the cumulative curve and corresponds to the maximum of the sharp peak as described in the Fig. 2 . In this study this critical radius was used to characterize the pore entry size of the connected porosity rather than the start of the upturn in the cumulative plot (or threshold size) as it can be measured more accurately.
Microstructural observations
The microstructures were observed with a scanning electron microscope from FEI (quanta 200) with an accelerating voltage of 15 kV and a Bruker AXS XFlash Detector for energy-dispersive X-ray analyses. Backscatter electron (BSE) images of polished surfaces were collected to distinguish the different phases present in the microstructure by their phase contrast. The pastes were prepared according to the procedure described in the previous section. The method to stop the hydration was the isopropanol exchange that cause less damage to the microstructure than others techniques. After the removal from isopropanol, the slide of paste was dried under vacuum for 1 day. Then, the sample was prepared for BSE observation by epoxy resin impregnation (EPOTEK-301) and polished with diamond powders down to 1 μm. Samples were coated with about 15 nm carbon prior SEM observation.
Results
3.1. Pore structure of plain Portland cement paste Fig. 3.a) and b) shows the MIP curves of the plain Portland paste up to 28 days. The pore volume intruded by mercury and the critical radius both decrease with curing time as the hydrates fill the pores. The pore volume decreases rapidly within the first 14 days and then decreases more slowly. The distribution of pore entry size in Fig. 3.b) shows at 1 day a broad peak which becomes sharper at 3 days. From 14 days the critical pore entry size remains near constant. The stabilization of the critical pore entry size corresponds well to the findings from 1 H NMR mentioned in the introduction. The stabilization in size seems to occur somewhat later than seen in Ref. [28] , this may be explained by the different cement used and the fact that the samples are cured under water here rather than sealed as in the NMR study. The replacement of cement by inert filler such as quartz leads to an increase of the water/cement ratio in the paste. Fig. 3 .c) and d) shows this effect of dilution of the clinker phases on the MIP curves. There is a larger pore volume intruded and the critical radius is higher. In the differentiated curve Fig. 3 .d) the peak is less pronounced and broader. The transition to a narrower peak seems to occur later than for PC as the narrow peak is still not well defined at 3 days. After 14 days the critical radius and the pore volume do not decrease much. Fig. 4 shows that the degree of hydration of cement in quartz PC system is near 100%. Consequently there is no more clinker in this system to further hydrate and fill the pore space. Fig. 5 .a) and b) shows the pore structure development of the 40% fly ash + PC system during hydration. The first observation is that up to 21 days the pore volume and the pore size distribution of the system are similar to the system with 40% Quartz + PC. Thus the reaction of the fly ash seems not to have a significant impact on the porosity until 14-21 days. By 28 days the contribution of the fly ash is more evident on the MIP curves. The peak of the size distribution curve becomes narrower as for PC systems. The pozzolanic reaction from fly ash seems to start to overcome the dilution effect of the replacement at this stage. At 60 and 90 days the critical radius remains near constant that indicates a slow-down of the fly ash reaction. The window of time over which the fly ash affects the pore structure is quite short. Fig. 6 summarizes the effect of fly ash on the pore structure. Increasing the fly ash proportion in the systems PC-fly ash-quartz reduces the porosity and shifts the critical radius to smaller sizes. However the pore volume does not decrease linearly with the critical radius. Fig. 6 shows that the critical radius becomes limited to a minimum size of about 6 nm while the pore volume continues to decrease with time. The size of the minimal critical radius is similar to that of the PC system (about 7 nm). Fig. 7 shows that the degree of hydration of cement measured by XRD is not affected by the presence of fly ash at 28 days: varying the proportions of fly ash and quartz in the PC-fly ash-quartz system does not change the degree of hydration of cement. The cement hydration is, however, increased compared to plain PC system. This is due to the dilution by filler: the water/cement ratio is increased to 0.6 as 40% of the Portland cement is replaced by fly ash.
Effect of fly ash on cement hydration
The degree of reaction of fly ash was estimated from the consumption of portlandite measured by TGA technique assuming the following pozzolanic reaction:
where C 0.1 A 0.29 S represents the chemical composition of fly ash, x is the Ca/Si ratio and y is Al/Si ratio of outer C-S-H at 28 days. Both ratios were calculated from EDX measurements and are respectively 1.56 and 0.13. The degree of reaction of fly ash includes the amount of phases that should not react such as quartz and mullite. These phases represent from Table 2 , about 40% of the fly ash composition. Therefore a maximum of 60% of the overall fly ash may react. This calculation will somewhat underestimate the degree of reaction as it does not take into account the calcium coming from the C-S-H initially formed by the reaction of the clinker phases which will have a Ca/Si ratio of around 1.7-1.8 [29] . Nevertheless it is sufficient for comparative purposes.
The reaction of fly ash is very low in all the systems up to 14 days, even for curing at 30°C from 4 days (Fig. 8) . From 14 to 28 days there is 10-20% reaction of the fly ash with the amount depending strongly on the amount of fly ash in the systems. The degree of reaction of the system containing only 10% fly ash is roughly twice that in the system containing 40% fly ash. At 60 and 90 days the degree of reaction continues to increase for the systems with low fly ash content, but very little for those with high fly ash content. Furthermore for the 40% fly ash system at w/c equivalent of 0.6 the degree of reaction at 90 days is significantly higher. These observations indicate that the reaction of the fly ash becomes limited by lack of space. Substantial amounts of calcium hydroxide (around 15%) remain even in the systems with the highest fly ash content.
The evolution of the reaction of the fly ash does not correlate in a straightforward way with the changes in porosity described above. From 14 to 28 days there is substantial reaction of the fly ash and a significant reduction in the critical pore entry size (16 nm to 9 nm). However the reduction in the total porosity measurable by MIP is relatively modest (Fig. 5) . On the contrary from 28 to 60 days there is little further reaction of the fly ash, there is a slight reduction in the critical pore entry (9 nm-6 nm) but the total pore volume almost halves (Fig. 5) . After 60 days there is almost no further reaction of fly ash in the 40% fly ash system as it seems the critical pore entry radius cannot be reduced further. Fig. 9 compares BSE images of the microstructure of the 10% fly ash + 30% Quartz PC (degree of fly ash reaction not limited) and 40% fly ash PC systems (limited degree of reaction). The microstructures at 28 days differ. Substantial capillary porosity is still evident in the 10% fly ash + 30% Quartz system whereas in the 40% fly ash PC system the microstructure is almost full of hydrates. Virtually the only spaces remaining, in this latter system, are hollow hydration shells from the reaction of small clinker grains. These observations support the supposition that the reaction of fly ash is limited by the lack of capillary pores available for hydrates to deposit in, as the degree of reaction of the fly ash is much higher in the system with a higher amount of water-filled space. Fig. 9 . BSE micrographs of a) 10% fly ash-30% quartz cement and b) 40% fly ash cement both at 28 days.
3.3. Effect of slag on pore structure Fig. 10 .a) and b) shows the MIP curves from 1 to 28 days for blended cement with 40% slag. The pore volume and critical radius decrease with hydration time. Calorimetry (discussed below) indicates that the slag reaction starts at around 2-3 days; by 14 days there is already a very significant effect of the slag reaction in reducing porosity compared to the 40% Quartz + PC systems (Fig. 10.d) . At 28 days the system with 40% slag shows similar critical radius to that of plain cement paste at the same age even though the total porosity is higher. This indicates that the slag reaction is very efficient in reducing the critical radius to smaller size, i.e. refine the porosity.
The pore size distribution in slag pastes in Fig. 11 is qualitatively different from the curves of the other systems presented previously, i.e. PC, 40% Quartz PC system, fly ash PC systems. The distribution can be described as a narrow first distribution at a similar pore size to the PC system followed by a plateau covering a large range of smaller pores. The first peak, which is similar to that in PC, could be attributed to the PC hydrates network while the wide range of pores seems to be the result of the slag reaction as it becomes more pronounced when the slag amount is increased (Fig. 10.d) . This gives some qualitative indication that the connectivity between the pores in slag system is different than in the cement and in fly ash-PC systems. Fig. 12 .a) summarizes the evolution of the pore volume as a function of the critical entry pore radius of fly ash, slag cement systems compared to Portland cement systems. The slag seems to be more effective in reducing the total porosity as well as the critical pore entry size. However  Fig. 12.b) emphasizes clearly that once the critical radius reaches the size of about 6-8 nm, it does not decrease further in size in blended and plain cement systems.
The presence of slag also has a significant effect on the hydration of cement. While increasing the fly ash content does not affect the degree of reaction of cement, it can be seen in Fig. 13 that increasing the level of slag replacement decreases the cement hydration. This might be the result of the lack of space for the cement hydrates at this stage of the hydration.
The measure of the slag reaction is quite complex [27] . In this study we made an estimation of the slag reaction based on the heat released from the overall reaction and the degree of hydration of cement. The calculated contribution of slag can be seen as a relative degree of slag reaction in the blend. Fig. 14 shows the cumulative heat released over 28 days of hydration. The first observation is that the four curves are almost identical up to about 30 h and then progressively diverge. The total heat reached at 28 days increases with slag content. Nevertheless the additional heat is not proportional to the slag content. For instance at high replacement levels (more than 20%) the increase is quite small. This suggests that slag reaction becomes limited at higher additions. This is confirmed by Fig. 14 which shows the contribution of slag to the overall cumulative heat of the reaction. It was calculated based on the degree of hydration of the clinker phases previously shown (Fig. 13 ) and the cumulative heat as shown in the following equation: Where H slag is the heat released from the slag reaction per g of slag in the blend.
H overall is the total heat released from the hydration of the blend. The value is determined from the cumulative heat released recorded by isothermal calorimetry. H cement is the heat released from the hydration of clinker phases as follows:
The enthalpy of dissolution of the main clinker phases was estimated based on the amount of C 3 S, C 2 S, C 3 A consumed and their enthalpy found in CEMDATA14 data base [30] . The reactions occurring are assumed to be as follows:
The calculated enthalpies are summarized in Table 5 . The results of the calculations of the slag contribution in Fig. 15 highlight that the slag reaction is limited at higher replacement levels. The slag in the 10% slag + 30% quartz PC systems reacts more than in the 40% slag + PC system from 7 days.
Cumulative curves for water to solids ratios 0.6 and 0.4 are shown in Fig. 16 and can be compared to the quartz reference curve. From 0 to 7 days both systems have similar kinetics, indicating that space is not limiting the reaction during this period. Then from 7 days, we see that the reaction slows down in the lower w/s system with less space, while it continues in the higher w/s system. This effect indicates that the slowdown of the slag reaction in the 40% slag paste from 7 days, observed in Fig. 16 , is the result of the lack of space.
The micrographs in Fig. 17 support lack of space as the limiting factor. The system where the slag reaction is limited corresponds to the microstructure where no large capillary pores were observed. The only spaces remaining in the 40% slag-PC are the shells of hydration products from the cement grains (Fig. 17.b) . In the 10% slag + 30% quartz PC system some large capillary pores are left (Fig. 17.a) and the slag reaction is still ongoing. This is a qualitative observation. The MIP does not indicate such large pores as the shells of hydration are only accessible through smaller pore entries.
Discussion
Examination of the effect of water to solids ratio on the three systems also underlines the differences between plain cement paste and blends with slag and fly ash. The micrographs in Fig. 18 fly ash. The effect of increasing the water/solids ratio is different in the slag/PC blend to the other systems.
For the slag pastes, although the water/solids ratio of 0.6 provides more space, most of the capillary porosity is filled from BSE images and MIP measurements (Figs. 18 and 19 ). Large clumps of AFm phase are a notable feature in both systems. At higher water/solids = 0.6, these form in the spaces between particles, whereas in the system with water/solids 0.4 these clumps occur in the shells of hydration product from small cement grains (Hadley grains), which would appear to be the only space available in this case.
These observations are supported by the MIP data in Fig. 19 from the same mixes shown in Fig. 18 . At w/s 0.4 the systems all have the same critical pore entry size, while the systems with slag and fly ash have somewhat higher total porosities. When the water/solids ratio increases to 0.6, the critical pore entry radius increase for all the systems, but much less for the system with slag. 
Conclusions
The present work brings new insights on the link between the reaction of different components in blended cements and the evolution of pore structure.
• Our results indicate that the clinker phase, slag and fly ash reactions are limited at later ages by the lack of water-filled capillary pores. It also means that for high replacement levels of SCMs (with constant water/solids ratio) lower degree of reaction are attained for slag and fly ash as previously reported [4, 22, 23] .
• The reaction of slag and fly ash does not lead to such high increases in solid volume as does the reaction of clinker. For this reason the total porosity (when the replacement level is more than a few %) in blended systems will always be higher, than in plain Portland cement pastes.
• It has been observed that fly ash and slag seem to have a different potential to fill the porosity. Slag is more reactive and contributes more strongly to porosity reduction even to the extent of suppressing the reaction of the clinker phases. This also means that there is more reduction in porosity in slag systems even when the water/solids ratio increases. It seems that fly ash needs to react to a much larger extent before significantly impacting the total pore volume, even if there is an earlier impact on the critical pore entry size.
• In all the systems studied, there seems to be a size for the critical pore entry which does not reduce further. It is interesting to note that, in a general sense, as the pore size decreases the solution needs to reach higher levels of supersaturation for precipitation to take place in it [31, 32] . There could be other explanations for the stabilization of the pore size. For example, the increasing energy of the pore surfaces with higher curvature could also be important. However further analysis of this phenomenon lies beyond the scope of the present paper.
These observations give new insights on the way the reaction of slag and fly ash lead to modification in the pore structure of cementitious systems.
